The semi-dominant Br mutation affects presphenoid growth, producing the facial retrognathism and globular neurocranial vault that characterize heterozygotes. We analysed the impact of this mutation on skull shape, comparing heterozygotes to wildtype mice, to determine if the effects are skull-wide or confined to the sphenoid region targeted by the mutation. In addition, we examined patterns of variability of shape for the skull as a whole and for three regions (basicranium, face and neurocranium). We found that the Br mice differed significantly from wildtype mice in skull shape in all three regions as well as in the shape of the skull as a whole. However, the significant increases in variance and fluctuating asymmetry were found only in the basicranium of mutant mice. These results suggest that the mutation has a significant effect on the underlying developmental architecture of the skull, which produces an increase in phenotypic variability that is localized to the anatomical region in which the mean phenotype is most dramatically affected. These results suggest that the same developmental mechanisms that produce the change in phenotypic mean also produce the change in variance.
Introduction
The effects of mutations are commonly conceived as shifts in the phenotypic mean. Less widely recognized is the fact that mutations can also influence variability, or the propensity to vary (Wagner & Altenberg, 1996, p. 969) . This realization stems originally from the observations made by early Drosophila geneticists that mutant phenotypes are often more variable than the wildtype (Waddington, 1942; Mather, 1953; Rendel, 1967) .
It is not known how commonly such effects occur, as phenotypic variances are rarely reported in the developmental biology literature. Furthermore, the developmental-genetic basis for the modulation of variance in developmental systems is very poorly understood. Hallgrímsson et al. (2002) distinguished three components of variability: canalization, developmental stability and morphological integration. In this paper we address only the first two components. Canalization, first described by Waddington (1942 Waddington ( , 1957 , refers to the buffering of developmental processes against environmental and mutational perturbations. Schmaulhausen independently developed this same concept under the term 'autonomization' (Schmaulhausen 1949 , published in 1938 . Developmental stability is the ability of developmental processes to buffer random developmental noise, such as thermodynamic fluctuations, that arise within the developmental processes themselves (Waddington, 1957; Klingenberg et al. 2003) . Canalization and developmental stability are similar in that both suppress phenotypic variation; they differ in that canalization suppresses variation among individuals who vary in genotypes and environments whereas developmental stability suppresses the variation of a single genotype within a single environment. These components are important because the magnitude and structure of phenotypic variation are modulated through them.
Variability is difficult to measure because it refers to the potential for variation, not the variance observed.
However, it, and the canalizing processes that suppress it, can be measured by comparing observed variation so long as both genetic variance and environmental effects are controlled. Developmental stability is usually measured by the minor, random, differences between sides in bilaterally symmetric traits, referred to as fluctuating asymmetry (FA) (Van Valen, 1962) . Using FA to measure developmental stability is based on the premise that bilaterally symmetric traits develop under the same genetic and environmental conditions, and therefore deviations from perfect symmetry are caused by developmental disruptions arising within an individual. These measures of components of variability tell us little or nothing unless compared with some standard.
Often, one population is subjected to an environmental or mutational stress and is compared with a control population: assuming constant genetic variation, with a decrease in variation indicating a greater degree of canalization (Rutherford, 2000) . Similarly, the level of FA is compared between populations, with lower measures of FA signifying a greater degree of developmental stability.
In this study we examined the effects of the Brachyrrhine (Br) mutation on skull shape and components of variability. This mutation, an automosmal, semi-dominant lethal, causes obvious craniofacial abnormalities in both homo-and heterozygotes (Lozanoff, 1993) . Heterozygotes are characterized by midfacial retrognathia (Fig. 1) ; homozygotes also exhibit frontonasal dysplasia with midfacial clefting (Lozanoff et al. 1994; Ma & Lozanoff, 1996; McBratney et al. 2003) . Mice homozygous for the mutation die shortly after birth, presumably due to the severity of the cleft and their inability to suckle (McBratney et al. 2003) . The mutation appears to target the presphenoid (Lozanoff et al. 1994; Ma & Lozanoff, 1996) ; in heterozygotes the presphenoid is hypoplastic whereas it is completely absent in homozygous mice (McBratney et al. 2003) . The Br mutation decreases the rate of chondrocyte proliferation that is localized to the sphenoethmoidal region of the cranial base (Ma & Lozanoff, 1999 . The Br mutation offers an appealing model to test the effects of a mutation on components of variability not only because it has consistent, obvious effects but also because it targets a specific region.
The objective of this study was to determine whether the Br mutation affects canalization, and developmental stability, and whether these effects are localized to the area targeted by the mutation or distributed throughout the entire skull. We predicted (1) that Br mice would differ significantly from wildtype mice in average shape throughout the cranium; and (2) that Br mice would have lower levels of both canalization and developmental stability than the wildtype mice. The first prediction was based on the central role that the basicranium plays in skull growth (Kasai et al. 1995; Lieberman et al. 2000a,b; Sperber, 2001) . We predicted that variation in presphenoid size would therefore be transmitted as shape variation throughout the skull.
The second prediction was based on the hypothesis that developmental anomalies disrupt canalization, and would also disrupt developmental stability when these components of variability share a common developmental basis.
We discuss these results in the light of other similar studies and suggest specific developmental mechanisms that may be responsible for the observed phenotypic effects of the mutation.
Materials and methods

Composition of the sample
The Br mutation initially arose through experiments designed to determine the effects of irradiation on chromosome structure (Searle, 1966) . The mutation is carried on a C3H/He × 101/H (3H1) background and is autosomal semi-dominant (Lozanoff, 1993) . Homozygous Br mice (Br/Br) die postnatally presumably due to the severity of the midline cleft that characterizes these mice (Ma & Lozanoff, 1993; McBratney et al. 2003) .
Heterozygous (Br/+) mice were used for comparison with wildtype 3H1 (+/+) mice in this study.
The sample consisted of the macerated skulls of 52 Br/+ mice and 40 3H1 +/+ mice. Breeding and husbandry protocols followed McBratney et al. (2003) . The sexes of the individuals used are largely unknown, so we could not control for sexual dimorphism; however, sexual dimorphism is unlikely given that Hallgrímsson et al. (2004a,b) found no sexual dimorphism for the first two principal components of shape for three different strains of mice. Therefore, we assumed that sex was not a major confounding factor in this study.
The mice used in this study vary in age, which could make samples heterogeneous in shape due to allometry and thus inflate the within-sample variance. Previous work (Zelditch et al. 2003) has shown that after 30 days, allometric trajectories stabilize in the growth of the mouse skull, and all individuals included in the present study are known to be of more than 30 days of age. Given the linear relationship between age, size and shape after 30 days, variation in age within samples can be statistically controlled using size as a proxy for age (see below).
Data acquisition
Skulls were scanned using a Skyscan 1072 100-kV microtomograph using a protocol optimized for macerated adult mouse skulls (no filter, 0.9 rotation step, threeframe averaging, 5.9-ms exposure time, 19.43-mm resolution). Before each scanning session, flat field corrections were performed and post-alignment corrections and global threshold values were manually verified before two-dimensional (2D) reconstruction. Noise was then minimized for the 2D reconstructed slices by running a three-kernel median filter using a custom plug-in written for ImageJ.
Three-dimensional reconstructions were generated from the filtered image stacks using Analyze 3D 5.0.
Using a dual monitor setup, 24 bilateral and three midline 3D landmarks were digitized directly from the 3D reconstructions. Figure 2 shows the landmarks used in this study and Table 1 provides anatomical descriptions for each landmark. 
Data analysis
Data used for all analyses were reflected and superimposed using the procrustes generalized least squares method; however, the programs used to obtain reflected and superimposed data to calculate object FA are different from those used for all other analyses. The resulting data from these two methods were the same. We first describe how we processed our raw data for the majority of the analyses and leave the description of how we calculated object FA for the section on FA analysis.
Raw data were reflected by multiplying the x coordinate by -1, and then the paired landmarks were relabelled to match their left or right counterpart, creating a mirror image of the dataset. These raw reflected data were then divided into landmark configurations that outlined the entire skull as well as specific regions of the skull, including the basicranium, neurocranium and facial skeleton (Table 2 , Fig. 3 ). Procrustes superimposed data were obtained from raw data, including both the original and the reflected datasets using the program Morpheus (Slice, 1994 (Slice, -1999 . Procrustes data were obtained for both wildtype and mutant groups, and were collected separately for each landmark configuration as subsets of Procrustes data are not independent of one another. Grubb's test for outliers was performed within groups to test for robustness of the data. Outliers for both measurement error and asymmetry that were significant using Bonferroni adjustment (P = 0.001) were removed from further analysis.
It is important to remove these data, as outliers for measurement error due to entry or gross measurement errors could mask FA, and outliers for asymmetry due to specimen damage could artificially inflate measures of FA.
To remove the heterogeneity due to varying ages within the samples, we first determined that size could be used as a proxy for age by regressing centroid size on age. Centroid size and age were all significantly correlated (P < 0.01) with R 2 ranging from 0.6 to 0.8 for individuals over 30 days old. We then regressed shape on size to remove the variation due to allometry; the residuals from that regression were added to the values for the expected shape at the mean size and calculations were done using the program 3DStand (Sheets, 2004b) .
Mean shape
Differences in mean shape between Br and wildtype mice for all four regions of the skull were tested using Goodall's F-test, implemented by program Simple3D (Sheets, 2004a) . Principal component analyses were performed for each cranial region to aid visualization of the differences in mean shape between groups.
Deformations of wireframes were also used to visualize the differences in mean shape along the first principal component using Morphologika (O'Higgins & Jones, 1998) .
Among-individual variance
Among-individual variances were calculated for both wildtype and mutant mouse groups for the entire skull as well as the three subregions of the cranium. We calculated variance of the hemi-skulls only, using the coordinates of right side and midline coordinates; hemiskulls were then averaged across trials and reflection for each individual and coordinate. Overall variances for each group were calculated using the standard metric for variance in Procrustes-based studies: where d j is the Procrustes distance of individual j from the mean shape for its group and n is the sample size for the mouse group. The Procrustes distance is approximately the square root of the summed squared distances between homologous landmarks of two optimally superimposed forms, in this case between those of individual j and the mean of the sample. That same measure of variance is incorporated in Goodall's F-test (which is used to test for differences in mean shape), and also in the FA analysis. Levene's test was used to determine if differences between group variances were significant for each region of the skull.
Fluctuating asymmetry
Fluctuating asymmetry was calculated using the object FA method outlined by Klingenberg et al. (2002) . Object FA measures the difference in whole landmark configurations with their mirror image (Klingenberg et al. 2002 ).
This method is based on the two-way mixed model ANOVA design recommended by Palmer & Strobeck (1986 , (Palmer & Strobeck, 2003) . These analyses were carried out separately within wildtype and Br mouse groups for each of the regions of the skull using the program Sage3D (Marquez, 2004) . The program is designed to reflect raw coordinate data, and therefore in addition to calculating object FA, Sage3D was also used to reflect the data for this analysis only. 
Results
Mean shape
Significant differences in mean shape were found between mutant and wildtype groups for all regions of the skull; however, this distance is greatest for the landmark configuration outlining the basicranium (Table 3) . Principal component analyses likewise illustrate that the mean shape for mutant and wildtype mice separate quite clearly along the first principal component (Fig. 4) . Wireframe deformations along the first principal component show that the cranial base and facial skeleton of mutant mice are markedly shortened compared with wildtype mice and display a more globular neurocranium than is characteristic of wildtype mice (Fig. 5) .
Among-individual variance
The variance of mutant skull shape is apparently higher throughout the skull (Table 4) ; however, the difference between variances is statistically significant only for the configuration of the entire skull and the basicranial region (Table 4) . 
Fluctuating asymmetry
Object FA was significant for both groups for all regions of the skull (Table 5) . Directional asymmetry was significant for both wildtype and Br groups for the whole skull, wildtype only for the basicranium and both groups for the neurocranium (Table 5 ). Anti-symmetry was not detected for either group in any of the cranial regions.
The level of fluctuating asymmetry, as measured by FA10, is higher for mutant mice both for the skull as a whole and for the basicranium and face regions (Table 5 ). Wildtype mice apparently have a higher level of neurocranial FA but the difference is not statistically significant (Tables 5 and 6 ). Statistically significant differences between the two groups were found for the whole skull, basicranium and facial skeleton, with the basicranium showing the largest and most highly significant difference (Table 6) .
Discussion
This study looked at the effects of a mutation known to disrupt the craniofacial phenotype in mice on mean shape, canalization and developmental stability. We found that mutant mouse skulls exhibited dramatically altered shape, as well as significantly higher levels of among-individual variance and fluctuating asymmetry compared with wildtype mice. The results indicate that the Br mutation exerts its effects on mean shape throughout the skull, whereas the effects on variability are localized to the area targeted by the mutation, namely the basicranium.
Most studies that have looked at mutational effects have focused on changes in mean shape. Of the studies that have looked at mutational effects on variability, far more studies have analysed their impact on canalization than on developmental stability. As with our study, it has frequently been shown using a variety of model organisms and characters that among-individual variance is increased in mutant populations as compared with wildtype mice (Dunn & Fraser, 1958 , 1959 Rendel, 1959; Scharloo, 1991; Tanaka et al. 1997) . Indeed, increased variance in the presence of mutation is so common that canalization is often defined by this response. That is, canalization is inferred if a trait displays greater variance in the mutant than in the wildtype background (Rutherford, 2000) .
Comparatively few studies have examined the impact of mutations on developmental stability. Nonetheless, the general trend of these studies is that levels of FA are higher in mutants and therefore developmental stability is lowered by mutation (Sakai & Shimamoto, 1965; Clarke & McKenzie, 1987; McKenzie & Clarke, 1988; Clarke, 1997; Indrasamy et al. 2000) . However, despite the apparent generality of the rule that mutations increase variance or FA, there are exceptions.
These should be expected because canalization is causally heterogeneous (Scharloo, 1991) , as is probably also true of developmental stability. The causal heterogeneity of canalization is indicated by the differential effects of mutations or environmental perturbations on different genetic backgrounds and different traits.
For example, Gibson & van Helden (1997) found that the Ultrabithorax (Ubx) mutation of Drosophila did not increase haltere variation or FA, which is surprising because Ubx is a homeotic regulatory gene and was therefore expected to perturb development. Rutherford & Lindquist (1998) found that a mutation inhibiting the function of the Hsp90 protein increased the variance of a number of traits in Drosophila, but had no effect on FA (Rutherford, 2000) . The differential phenotypic effects found between studies that have looked at mutations and variability suggest that developmental stability and canalization are emergent byproducts of regulatory complexity and redundancy in developmental systems (Siegal & Bergman, 2002) . We therefore attempt to explain our results in terms of potential underlying developmental mechanisms.
Potential developmental causes for patterns of variance
The Br mutation has been mapped to the distal region of chromosome 17 (McBratney et al. 2003 ) and the phenotypic effects of this mutation have been widely studied using a variety of techniques. The Br mutation causes midfacial retrognathia in heterozygotes (Lozanoff et al. 1994; Ma & Lozanoff, 1996; McBratney et al. 2003) and appears to target the presphenoid (McBratney et al. 2003) by decreasing the number of proliferating chondrocytes in the sphenoethmoidal area (Ma & Lozanoff, 1999) . The response of sphenoethmoidal chondrocytes to epidermal growth factor (EGF) is reduced by the Br mutation (Ma & Lozanoff, 2002) . The Br mutation also affects the kidney; compared with the wildtype, Br mice have small kidneys, deficient cortical tissue and display multifocal cyst formation (Ma & Lozanoff, 1993; Lozanoff et al. 2001) . The reduced chondrocyte proliferation found in the sphenoethmoidal area in Br mice (Ma & Lozanoff, 1999) probably accounts for their hypoplastic presphenoid (McBratney et al. 2003 ) and may also be related to the increased variance in the basicranial region found in this study. Chondrocyte proliferation in the nasal septal region of the basicranium was not affected by the mutation (Ma & Lozanoff, 1999) . Perhaps this suggests that only cells in the sphenoid express the Br gene, or perhaps that the mutation only exerts its effects during a certain temporal window, one coinciding with chondrocyte proliferation within the sphenoid alone, leaving the rest of the basicranium unaffected.
We suggest that increased FA in mutant mice is expected given the effects of the Br mutation on chondrocyte proliferation. The effects of reduced chondrocyte proliferation would cause localized variance in cartilaginous structures or structures that are formed by cartilaginous precursors such as the basicranium.
Differences in the number of chondrocytes in discrete regions of a character could lead to random left-right The increased among-individual variance in the Br group suggests that the mutation might have incomplete penetrance, whereby the mutation will exert a stronger effect on some individuals than on others. Br individuals might also vary more than wildtype mice in their ability to buffer against perturbations. These mice are highly inbred and therefore the genetic variance in both groups is very low. However, the Br mutation may lead to expression of existing variation that is cryptic in the wildtype. Variation in the ability of individuals to compensate for the reduction in chondrocyte proliferation may be due to genetic variation in related pathways that is normally not translated into phenotypic variation.
Another mutation that targets basicranial cartilage also causes changes in mean cranial shape and increases variance much like the Br mutation. However, unlike that found for Br mice, the mutation does not cause an increase in FA, suggesting that the pattern of variance observed in Br mice is not simply an artefact of basicranial disruption. Rather, the contrast between patterns of variance of these two mutants is presumably due to the different processes affected by these two genes.
The Brachymorph (Bm) mutant mouse has a remarkably similar phenotype to that of the Br mouse with a shortened midface, and neurocranial vaulting. The Bm mutation is autosomal recessive and affects the phosphoadenosine phosphosulfate synthetase 2 gene (Papps2) (Hallgrímsson et al. 2006 ). The Papps2 mutation causes under-sulfation of glycosaminoglycans (GAGs) in the cartilage matrix, resulting in fewer and smaller proteoglycan aggregates and therefore a reduction in cartilage growth (Orkin et al. 1976 extent that the Br mutation shortens the basicranium, the need to accommodate the unaltered brain will produce changes in the shape of the cranial vault. Finally, altered mechanics of masticatory muscles may well result from these secondary shape changes, and mechanically mediated modelling and remodelling of bone may produce further epigenetic alterations in shape. By contrast, the increase in variability that is local to the basicranium could result from the disruption of particular localized developmental pathways. This would be consistent with the idea that variation in canalization and developmental stability emerge from the same developmental mechanisms that produce the primary changes in the mean phenotype. By contrast, the epigenetic alterations to shape elsewhere in the skull may not produce the kinds of developmental changes necessary to alter phenotypic variability. Alternatively, the impact of the mutation on variability may be a function of the magnitude of its impact on the phenotype. The changes in shape away from the basicranium may not be of sufficient magnitude to produce an alteration in variability.
Implications
The finding that variability is localized to regions directly affected by a mutation while average shape is affected by epigenetic factors associated with that mutation yields interesting implications. One is that patterns of variability could be used to determine the specific regions directly targeted by a mutation and could aid in piecing together the developmental pathways specifically affected by that mutation. That strategy could provide insights into the developmental cause of many congenital malformations or syndromes, which often affect several traits; patterns of variability might allow us to pinpoint the traits directly affected by the mutation, distinguishing them from those displaying epigenetic effects. Obviously, we would need to understand better the developmental basis for variation in phenotypic variability and determine whether the pattern observed here holds for other developmental contexts before confidently interpreting such patterns.
Building on previous work (Lozanoff, 1993; Ma & Lozanoff, 1993 , 1999 Lozanoff et al. 1994; McBratney et al. 2003) , we have shown that the Br mutation produces an integrated pattern of mean phenotypic change in the mouse skull but a localized change in phenotypic variability. This finding increases our understanding of how developmental mechanisms interplay to produce changes in the mean phenotype as well as the variance about that mean both for evolutionary change and for dysmorphology. Currently, work is being done to identify the Br gene. Once the Br gene is known it will be possible to relate Br expression with specific developmental events and link these events to phenotypic changes. As our understanding of the developmental mechanisms that underlie the phenotypic changes improves, continued merging of morphological studies with developmental and molecular biology will be the key to unravelling the complex relationship between development and evolution.
